Background: Vemurafenib has shown activity in patients with BRAF V600 mutated melanoma with brain metastases (BM). This phase 2 study evaluated vemurafenib in patients with/without prior treatment for BM.
Introduction
Over 40% of patients with advanced melanoma develop brain metastases (BM) detected after symptoms develop or by surveillance imaging [1] in which median overall survival (OS) is only 3.8-5.0 months [1] [2] [3] . Single BM can be resected or irradiated using stereotactic methods (SRT) [4] , but multiple BM are poorly controlled with current local and/or systemic therapies [4] [5] [6] [7] .
Both targeted therapies and immune checkpoint inhibitors improve OS in patients with advanced melanoma (median 13.6-18.7 months) and for targeted therapies even longer survival (22.3-25.1 months) is obtained with combinations of BRAF and MEK inhibitors in patients with BRAF V600 mutations [8] [9] [10] . The outcome of patients with BM treated with these novel agents is less well defined. The BREAK-MB study showed that patients with BM treated with dabrafenib had a median OS of 3.7-7.5 months [11] . Ipilimumab has also been evaluated in patients with BM with reported median OS of 3.7-7.0 months [12] . The activity of these classes of therapy against BM provided proof-of-concept for the potential effectiveness of treating BM with targeted and/or immunomodulatory agents.
The BRAF inhibitor vemurafenib is less well studied in patients with BM. One pilot study indicated activity in patients with BRAF V600 mutated melanoma and symptomatic BM [13] . A phase 2 clinical trial was performed to estimate the overall response rate (ORR) of vemurafenib in patients with previously treated BM or with no prior treatment for BM. Secondary endpoints included intracranial and extracranial duration of response and OS.
Methods

Study design and treatment
An open-label, single-arm, multicentre, international phase 2 study in adults with histologically confirmed metastatic melanoma harbouring BRAF V600 mutations with either symptomatic or asymptomatic BM that included two simultaneous cohorts:
Cohort 1: no previous treatment for BM; previous systemic therapy allowed, exclusive of BRAF or MEK inhibitors.
Cohort 2: BM previously treated with SRT, whole-brain radiation therapy (WBRT), or surgery, with measurable disease progression (excluding sites of prior surgery or SRT).
Patients received vemurafenib 960 mg bid continuously as tolerated, with up to two dose reductions (to 720 or 480 mg bid) for toxicity, and no re-escalation.
Primary and secondary objectives
The primary objective was best overall response rate (BORR) in the brain in patients with previously untreated BM, assessed by an independent review committee (IRC), using Response Evaluation Criteria In Solid Tumors (RECIST) with a modification for BM to be at least 0.5 cm in diameter.
Secondary objectives: intracranial BORR in the overall study population, and in each separate cohort; and safety and tolerability of vemurafenib. Additional secondary endpoints: IRC-and investigator-assessed extracranial BORR, intracranial and extracranial duration of response (DOR), progression-free survival (PFS), time to new BM in responding patients, and OS.
Study eligibility
Key inclusion criteria. Histologically confirmed metastatic melanoma with BRAF V600 mutation (by Cobas V R 4800 BRAF V600 Mutation Test, Roche Molecular Systems) on any prior tissue sample. Measurable BM (minimum of one and maximum of five lesions) accurately measurable in one dimension as !0.5 cm by MRI with contrast.
Other inclusion criteria: Eastern Cooperative Oncology Group (ECOG) performance status 0 or 1; may or may not have received prior systemic therapy for metastatic melanoma excluding MAPK-pathway inhibitors; received no prior SRT, WBRT, or surgery for BM (cohort 1) or received prior SRT, WBRT, or surgery for BM and progressed (cohort 2); !6 weeks since any previous monoclonal antibody-based therapy; if receiving corticosteroids, neurologically stable on a stable or a decreasing dose within 7 days prior to study start.
Key exclusion criteria. Leptomeningeal metastasis permitted only in cohort 2; previous malignancy requiring active treatment within the past 2 years (except BCC or SCC of the skin or cervical carcinoma in situ); concomitant anticancer therapies (anti-seizure medications were allowed).
Assessments
Efficacy. Tumour response was evaluated with RECIST v1.1. Magnetic resonance imaging (MRI) of the brain was performed at weeks 4, 8, and then every 8 weeks. Leptomeningeal disease was evaluated as nonmeasurable and evaluated qualitatively.
For equivocal findings of progression (e.g. very small and uncertain new lesions; cystic changes or necrosis in existing lesions), treatment could continue until the next scheduled assessment. If progression was confirmed, the date of progression was assigned as the earlier date. Computed tomography or MRI of the chest/abdomen/pelvis (using the same imaging method each time) was performed at week 8 and then every 8 weeks.
Safety. Safety evaluations occurred 2-4 weekly until week 28, then every 12 weeks. AEs were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0) grading system.
Statistical analysis
The sample size was selected to estimate ORRs 611-12%. If the BORR was 40% then 80 patients in cohort 1 would result in a 95% CI of 29-52%, taking into account a 10% withdrawal rate. Similarly, 120 patients enrolled overall, with a BORR of 30%, would require 132 patients for a 95% confidence interval (CI) of 22-39%. Direct comparisons were not intended between Cohort 1 and 2.
Efficacy endpoints were analysed according to the intention-to-treat (ITT) principle. BORR was presented by cohort and overall with exact two-sided 95% Pearson-Clopper CIs. Time-to-event endpoints (e.g. PFS, OS, time to development of new BM, time to progression, and DOR) were analysed using Kaplan-Meier methods. Safety data were summarized for the individual and overall cohorts.
Results
Between July 2011 and April 2013, 289 patients were screened and 146 (51%) were enrolled and treated ( Figure 1 ). Patients were enrolled in Australia, Canada, France, Germany, Israel, Italy, Netherlands, Spain, UK, and USA. The most common reason for ineligibility was lack of BRAF V600 mutation (52%). The cut-off date for information presented in this article is 16 April 2015 (2 years after the last patient was enrolled). All enrolled patients received !1 dose of study medication, with a median duration of follow-up of 9.6 months (95% CI 7.2-11.5). Baseline patient and disease characteristics are shown in Table 1 and supplementary Appendix Table 4 , available at Annals of Oncology online.
Efficacy
Intracranial BORR by IRC and investigator is presented in Table  2 . The intracranial BORR in cohort 1 by IRC (primary endpoint) was 18% (95% CI 10.5-27.3%): complete response, 2 patients; partial response, 14 patients. BORR and the percentage change in the sum of diameters of the target lesions from baseline are presented in Figure 2 . Investigator-assessed BORR in the four patients who had leptomeningeal involvement was: improved (n ¼ 1); stable (n ¼ 1); and progressive disease (n ¼ 2, brain and body).
The extracranial BORR by IRC was 33% in cohort 1 and 23% in cohort 2 (see supplementary Appendix, available at Annals of Oncology online). Investigator-evaluated composite of intracranial and extracranial BORR, considered as the 'global' BORR, was 19% in cohort 1 and 18% in cohort 2.
Total number of patients screened for enrollment in the study N=289
Total number of patients enrolled into the study N=146
Screen failures (n=143)
Previously untreated for brain metastases (n=90
Patients who received study treatment (n =90)
Patients who discontinued treatment (n=89)
Reasons for treatment discontinuation:
Patients who discontinued study (n =87)
Reasons for study discontinuation:
Reasons for study discontinuation: Figure 1 . Patient flow and disposition. Reasons for screen failures (n ¼ 143): BRAF mutation test negative, n ¼ 75 (52%); failed another eligibility criterion, n ¼ 47 (33%); clinical deterioration, n ¼ 9 (6%); withdrawal of consent by patient, n ¼ 9 (6%); screening procedures not followed, n ¼ 3 (2%). Primary reasons for death (n ¼ 122): Previously untreated group: adverse events in 2 (2%) patients (pneumonia, glioma*); disease progression in 74 (82%) patients; unknown in 1 (1%) patient. Previously treated group: adverse events in 1 (2%) patient (pneumonia); disease progression in 44 (79%) patients. *This patient was classified as having the serious adverse event of progression of glioma on study day 19, which caused discontinuation from the study medication and the study. The patient died on study day 184. The event was reported as not related to study medication. Retrospective assessment concluded that an enrolment error occurred for this patient, who was suffering from glioma (not brain metastasis from melanoma) that worsened and led to death soon after enrolment. This was not reported as a protocol violation because the patient was enrolled in good faith.
The median intracranial duration of response as assessed by the IRC were 4.6 months (range 2.7-29.9; interquartile range [IQR] 3.6-6. versus 7%); central nervous system haemorrhages (2% versus 5%); new primary melanomas (2% versus 4%); pneumonia (1% versus 4%); seizure (1% versus 2%); confusion (0% versus 4%); upper abdominal pain (2% versus 0%); and pyrexia (2% versus 0%). AEs required treatment discontinuation in five (6%) patients in cohort 1 (one each of prolonged ECG QT, pericardial effusion, pericarditis, cholestasis, pneumonia, glioma, agitation) and three (5%) in cohort 2 (two with prolonged ECG QT and one intracranial haemorrhage).
Overall, 122 patients (84%) died during the study (77 patients [86%] in cohort 1 and 45 [80%] in cohort 2), mainly due to disease progression (cohort 1, 82%; cohort 2, 79%). AEs led to death in two patients in cohort 1 (pneumonia, glioma) and one in cohort 2 (pneumonia). Another patient in cohort 2 died of an unknown cause.
Exploratory outcomes
The BORR (IRC) across both cohorts for patients with LDH < upper limit of normal (ULN) was 22.6% (95% CI 12.9-35.0) versus 17.6% (95% CI 8.4-30.9) for LDH >ULN but <2ÂULN and 6.9% (95% CI 0.8-22.8) for LDH >2ÂULN (see supplementary Appendix, available at Annals of Oncology online). The BORR across both cohorts was 25.5% (95% CI 14.3-39.6) for patients with a single BM, versus 16.7% (95% CI 8.9-27.3) for 2-4 metastases and 4.3% (95% CI 0.1-21.9) for >4 metastases.
Discussion
The activity of vemurafenib was evaluated in two cohorts of patients, Cohort 1 with no prior therapy for BM, and Cohort 2 with patients who had undergone locoregional and/or systemic therapy. Not unexpectedly, patients in Cohort 2 had a lower performance status and more brain lesions.
The primary endpoint of the study was intracranial response in patients with previously untreated BM as assessed by an IRC. The sample size of the current study was calculated based on intracranial BORR of 40 6 11-12% in the cohort with previously untreated BM. The BORR of 18% (95% CI 11-27%) was lower than the BORR used to calculate sample size but is nonetheless clinically meaningful in the setting of brain metastases. The BORR as assessed by an IRC was comparable to the BREAK-MB study, which reported an IRC-assessed BORR of 17% (15 responders out of 89) in patients with previously untreated BM [11] . It is important to note the BREAK-MB study used identical modified RECIST 1.1 criteria for the definition of measurable intracranial lesions (!0.5 cm). For patients with previously treated BM, the IRC-assessed BORR in BREAK-MB was 17% (14 responders out of 83), which is comparable to the 18% (95% CI 9-30%) we observed in the current study. These results are contrasted with the IRC-determined extracranial response rates of 33% for cohort 1 and 23% for cohort 2. Interestingly, the extracranial response rates were higher at 57% in the BRIM3 study [8] and 45% in the coBRIM study [14] , which excluded patients with active brain metastases.
Challenges in accurate measurement of BM were likely responsible for differences between investigators and the IRC determinations. Overall, these data suggest BM in BRAF-mutant melanoma are less responsive to BRAF inhibition due to either different tumour characteristics of the BM, different characteristics of both BM and extracranial metastases in patients with BM, or differences in drug concentrations between intracranial and extracranial metastases. We believe the second explanation is most likely, since the brain and extracranial response rates were lower in our study and BREAK-MB than for the metastases of patients without BM in studies that excluded them. Molecular differences in BRAF mutant melanoma that metastasizes to the brain are under investigation and point to the PTEN pathway as likely mediating important elements of their biology [15] . Clinical studies of inhibiting signalling in the PTEN pathway, such as PI3K, AKT or mTOR-inhibitors either in combination or sequenced with BRAF and MEK inhibitors, should provide data to address this hypothesis.
Cohort 2 patients, despite more unfavourable prognostic features, had similar ORR to Cohort 1 patients, suggesting that the allowed prior treatments did not select for BM with greater resistance to vemurafenib, data that are also consistent with those of BREAK-MB and dabrafenib [11] . Responses occurred rapidly with a median time to response of 1 month, corresponding to the first BM assessment. The waterfall plots indicated that the vast majority of patients achieved some intracranial tumour regression, suggesting possible clinical benefit for a greater proportion of patients than indicated by formal RECIST criteria. The duration of response was somewhat shorter than reported in studies of patients with only extracranial disease, with a median response duration of 4.7 months in Cohort 1 and 6.6 months in Cohort 2, which appears shorter than 6.7 and 7.3 months in the BRIM2 [16] , and CoBRIM studies, respectively [14] . The long median time to tumour progression of almost 15 months to detection of new BM, which is significantly longer than the response duration of target lesions, suggesting that micrometastatic disease is wellcontrolled or that subclinical lesions grow so slowly that they do not become detectable until much later than progression of existing lesions.
The use of BRAF-inhibitors in patients with BM was safe and did not appear to increase intracranial haemorrhage or seizures. The overall safety profile was consistent with previous safety reports of vemurafenib, with cutaneous events, arthralgia, fatigue and low-grade gastrointestinal symptoms predominating. Few patients discontinued therapy because of adverse events.
The median PFS in the brain, 3.7 months in Cohort 1 and 4.2 months in Cohort 2, was substantially shorter than that of the BRIM3 study (6.9 months) or vemurafenib alone in the CoBRIM trial (6 months), and the median OS were also shorter than in BRIM3 and CoBRIM (8.9 versus 13.6 months and 9.6 versus 17.4 months, respectively). Although exploratory and limited by small patient numbers, patients with high LDH, higher burden of intracranial disease, measured by either lesion size or number, appeared to have lower response rate and shorter PFS (supplementary Table 2 , available at Annals of Oncology online). Taken together, these data highlight the poor prognosis of patients with metastatic melanoma and BM, despite a targetable 'driver' oncogene mutation and evidence of initial drug-responsiveness.
In conclusion, the study demonstrates clinically meaningful response rates of melanoma BM to vemurafenib, which was well tolerated without significant intracranial toxicity. Given the relatively small number and good performance status of participants, we suggest caution in interpretation of the results to all patients with BM. Toxicities were manageable and similar to those in patients without BM. The development of combined BRAF and MEK inhibition as a new standard of care for patients with BRAF-mutant melanoma offers further options for patients with BM, and clinical data on these combination therapies are awaited. Further innovation is still needed for patients with BM, including evaluation of immunotherapies and other approaches in combination with BRAF-pathway inhibition.
